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Abstract

The Insulated Solar Electric Cooker (ISEC) project is aimed at providing an
alternative method for cooking that does not require fuel or fire, has no harmful emissions and is appealing to the culinary tradition of cultures around the
world. The World Health Organization estimates that three billion people cook
with biomass and coal, which causes 4 million deaths per year from breathing
the associated emissions (WHO, 2016). Besides the dangers of indoor air pollution (Lim, 2013; Subramanian, 2014), cooking over open fires also results in
deforestation, and greenhouse gas emissions of CO2 and soot (MacCarty 2008;
Bailis & Kammen 2005). The ISEC could provide a grass roots solution to these
problems.
With an Insulated Solar Electric Cooker (ISEC), a 100 W solar panel can
be used to directly cook food and provide electricity access and eliminate the
health and environmental impacts of biomass cooking. With the addition of
a phase change thermal storage the ISEC can cook more rapidly, as well as
cook after sunset. The efficiency of this thermal storage is comparable to that
of more expensive systems using battery storage and induction cooktops. The
phase change medium we use (erythritol) has broad thermal storage utility, and
we continue to find ways to increase the efficiency of the use of the stored heat.
One important factor for increasing the efficiency of the ISEC technology is
that of insulation. Better insulation results in more heat energy being directed
into cooking. Current models of our ISEC have the cook pot surrounded by
fiberglass inside a larger container. While this provides great insulation the lack
of physical stability of this arrangement leads to problems down the road as the
fiberglass settles, the cookpot sinks and fiberglass is pushed up over the edges
of the pot. In this paper I will document the exploration of various methods to
provide the ISEC with stability, without compromising its insulation.
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Introduction

While solar cookers eliminate health and environmental impacts, they are often not readily adopted for reasons including inconvenience and incompatibility
with traditional cooking methods. Although natural gas and electrical cooking
eliminate the health concerns of biomass cooking, they remain a costly option
with environmental impacts. With strongly declining cost trends for solar panels
and batteries (Kavlak, 2018; Barbose, 2016; Swanson, 2006), there has been a
renewed interest in the contribution that solar-electric cooking can make in advancing the clean and modern energy cooking transition in developing countries
(Batchelor, 2015; Simon, 2011; Lombardi, 2019).
Insulated Solar Electric Cooking (ISEC) We began developing Insulated Solar Electric Cooking in 2015, utilizing solar electricity to directly cook food in
a well-insulated chamber (Watkins, 2016). The insulation greatly reduces heat
loss, making maximum use of the heat produced from either resistive wire or
a chain of diodes (Gius, 2019). A 100 W solar panel (with a present manufacturing cost of less than $20) generates ½ kWh of electricity over the course of a
sunny day, capable of bringing 5 kg of food to a boil. A small amount of the
electricity can also power an inexpensive USB charging accessory, found to be
of great demand in off-grid communities (Wilson 2018).
While the low-power is ideal for day-long “boil and simmer” cooking, users
consistently request both increased power and the ability to cook after sundown.
While battery systems will cost more than $100 and have a limited ( 1 year)
lifetime, phase change material (PCM) can store thermal energy as both latent
heat and sensible heat less expensively and with a longer lifetime.
Thermal Storage
A PCM can store the day’s solar energy as latent heat, allowing the user both
access to greater power (by rapidly drawing the stored heat) as well as the ability
to cook when the sun is not out. Additionally, inexpensively storing solar energy
is universally important beyond solar cooking, and a wide variety of PCMs have
been explored (Mofijur, 2019). The classes of PCMs appropriate for cooking
(temperature range 50C - 200C) include Paraffins, salt hydrates, sugar alcohols,
nitrates and hydroxides, while oil has been explored as a sensible heat storage
medium (Mawire, 2016). Many solar cooking designs have incorporated a variety
of PCM storage strategies, but share some challenges related to the need to
access sunlight while insulating the stored thermal energy. Simple box cookers
can incorporate PCM on the base of the cooker (Sharma et al., 2000; Saxena
et al., 2013), but are not able to get very hot. Solar concentrators can achieve
high temperatures, but require either a complicated, expensive pumping system
(Sharma et al., 2005; Mawire, 2016) or a mobile phase change assembly (PCA)
to move the PCM to where it can be insulated and/or used. Because the ISEC
cooking unit receives electrical energy via a wire, the PCA is a stationary part of
the cooking system itself, reducing cost and complexity. We estimate parts and
materials to cost between $20 and $40. 100W solar panels are presently available
for less than $20 in China, retail for about $50, and continue to decrease in price.
We presently use erythritol (ET) as a PCM (Unger 2019) with a theoretical
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infinite lifetime, a melting point of 118°C, and capacity to store ½ kWh in 2.5
kg (see Table 1). Recent work that involved cycling at temperatures over 180
C daily for 4 months resulted in a decrease of melting temperature of ET down
to below that of boiling water.
Physical Property Value
Solid Density 1.48 g/cm 3 at 20 ◦ C
Liquid Density 1.30 g/cm 3 at 140 ◦ C
Melting Point 117-120 ◦ C Boiling Point 330.5 ◦ C
Heat of Fusion 315-379.6 J/g, 347+/-10%
Solid Specific Heat 1.38 J/g◦ C
Liquid Specific Heat 2.76 J/g◦ C
Table 1: Characteristics of Erythritol (ET), from National Center for Biotechnology Information & Höhlein, 2017
We further described in our recent publication (Osei et al) the following
improvements/considerations: - Ability to draw 50 W from grid electricity
when sunlight is not adequate, - Removable cookpot allowing the wires and
thermal storage to remain in the insulated ISEC housing,
For cooking , ISEC with PCM can provide both a “hot spot” that is often
ready to cook akin to a microwave oven with 1 kW power for 5 minutes; as
well as capacity to cook large meals over the course of an hour or more. More
broadly, in a future of negligible solar panel cost, phase change thermal storage
provides a partial solution to solar energy’s intermittency problem. Erythritol
is an inexpensive PCM with high specific heat, high latent heat of fusion, and
a melting point appropriate for domestic and industrial thermal storage utility.
To develop and disseminate ISECs, we offer a collaborative alternative to
securing intellectual property and industrial manufacturing for global distribution. Instead, our global learning community is improving the open-sourced
technology while a grant subsidizes collaborating enterprises in target communities with the following attributes: - The decreased costs of labor and resources
in poor countries allows funding to go much further. - The diverse learning community more quickly explores different ideas. - Product development is more
responsive to local preferences, resources, and challenges. - Local development
and production of a product for local consumption stimulates the local economy.
Design: Phase Change Assembly (PCA) A 12 V, 100 W solar panel has a
maximum power point (MPPT) voltage of about 18 V, driving about 5.5 A of
current through either a resistive heater (Watkins, 2016) or a chain of diodes
(Gius, 2019). Rather than slowly cook food at 100 W, the heat can instead be
used to slowly melt the PCM housed in a Phase Change Assembly (PCA), to
heat food later.
One example of a PCA (Figures 1 and 2) houses 2.5 kg of PCM, between
two concentric pots. An electric heater is physically and thermally attached
to the bottom of the smaller, inner pot, immersed in the PCM. Overheating is
prevented by a thermostatic switch and a thermal fuse. The PCA is completely
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surrounded by insulation in a bucket (Figure 3), reducing both heat loss and
risk of burning people.
ET and aluminum have thermal conductivities of 0.73 W/m/K, and 205
W/m/K, respectively. Lack of thermal conductivity will limit thermal flow to
the food, but a thermally conductive phase change composite (PCC) can be
made by percolating aluminum filler into the ET (Sheng 2019). We have added
0.5 kg of shredded aluminum to the PCM and/or pressed 0.09kg of corrugated
aluminum foil (thickness = 0.25mm) between the inner and outer pots of the
PCA.

Figure 1: Schematic of the ISEC with thermal storage made from a 24 cm outer
pot and a 19 cm inner pot.(Osei et al)

Figure 2: from left to right: A 20 Ohm electric heating element is cut into 3.5Ohm sections for a heater, crimped to high temperature silicone-coated power
leads, and glued to the bottom of the inner PCA pot with high temperature
epoxy (JB-Weld). Epoxy also coats the electrical connections and bonds aluminum foil shielding over the wires of the completed inner PCA.(Osei et al)

4

Figure 3: (left) Full Phase Change Assembly (PCA) with inner PCA (Fig. 2 at
right) inserted into outer PCA containing erythritol. (middle) PCA immersed
in fiberglass insulation, aluminized Mylar provides improved, hygienic surface,
and (right) seals the top insulation. (Osei et al)
Recent research and experiments with the PCA show that using a solid piece
of metal, such as iron or aluminum, in place of ET may prove more useful. Using
a metal to store heat could be the easier way to go. It removes the possibility
of thermal degradation being a factor we must consider. It is much simpler to
machine a piece of metal to fit the ISEC than to build the ET PCA. There
would be no corrosion of wires submerged in ET, and heat could be accessed
much quicker due to the metals’ high thermal conductivity. These and other
attributes may prove to outweigh the loss in storage. This method would use a
solid cylinder of one of these metals, or some combination of them, in thermal
contact with both the heater and the cookpot. The best way to build this solid
thermal storage has not been determined as of this paper.
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Research

Air has two main regimes of heat transfer, convection and conduction. Most of
the heat transfer is done via convection, so much so that when ignoring it, the
total conductivity of room temperature air at sea level is around .025 W/mK
(Engineering Toolbox, 2014). Therefore, by removing the effects of convection
from the situation, air provides a surprisingly large amount of insulation. This
is the principle that most insulators work by. This also provides a direction to
look in to create or find a rigid insulator that can better support the weight
of the ISEC cook pot. A rigid material that with many small pockets contains
air preventing convection, leading to a relatively low conductivity. The rigid
insulators explored in this paper are Concrete, Aerogel, Perlite, and Rockwool
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3.1

Concrete

Insulating concrete was attempted in 2 ways, the first was by mixing foam or
perlite into mortar. Both of these substances were added to create many small
pockets of air within the mortar, with the hope that they would stay put and
create a rigid but porous substance. The first method, of injecting foam, produces what is called aircrete, and the second is called perlite concrete. Both of
these substances are used in construction and masonry as lightweight insulating
concrete, the aim of my looking into these materials was to create a cheap, fast
and sturdy casing for the ISEC without compromising on insulation. Industry
standards have a wide range, but the higher end aircrete manufacturers claim
to produce a product that is nearly as insulating as fiberglass, 0.08 W/mK as
compared to fiberglass 0.05 W/mK (“About AAC — Aircrete Europe — What
Is AAC (Autoclaved Aerated Concrete)”). In comparison to that my attempt at
making aircrete was rather ineffective. My products were very close in density
to pure mortar, and at the high end of industry standards for density and conductivity for aircrete. With further research I found a DIY foam generator that
used dish soap, glycerin and water to create a stable foam that might better
hold its shape in the mixing and setting process, but it was determined that
moving onto other options would be a better use of my time. Perlite concrete
looked more promising, as the expansion process of perlite traps air pockets
inside small pebble to gravel sized pieces of stone. Perlite was mixed into the
mortar and resulted in a more lightweight concrete that lost even more water
weight when baked again. The method used to compare thermal conductivity
of these concrete mixes was to pour them into a mold between two sheets of
aluminum in a Styrofoam box. On either side of the mold was a reservoir filled
with either ice water or boiling water. The time it took to melt a certain mass
of ice was used to determine a rough value for thermal conductivity.
E = mLf

(1)

Energy transferred through the material, E, is equal to the product of mass of
ice melted, m, and the heat of fusion of water, Lf
mLf
dE
=
dt
∆t
Power, P, is the rate energy transferred through the material over time.
P =

(2)

∆T AK
(3)
L
Power can also be calculated by the product on the diference in temperatures
of two objects, ∆ T, the area they have in contact, A, the thermal conductivity
of the substance between them, K, divided by the distance they are seperated
by, L.
Using equations 2 and 3 K can be found to be:
P =

K=

LmLf
∆T ∆tA
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(4)

The values for my insulating concrete were on average only 20% lower than
the conductivity values for pure mortar. With mortar yielding a value of 1.4
W/mK and the insulating concrete yielding values around 1.1 W/mk. At this
point it was determined that exploring other materials would be a better use of
time.

3.2

Aerogel

The insulating properties of aerogel come from the same idea as that of insulating concrete. By creating a porous material, you can limit the convection of air and rely on its low conductivity to provide insulation. Aerogels
can be made from many different materials, and in many different ways so
the thermal conductivity varies greatly, but they are by far some of the most
advanced insulators on the market. That being said, aerogels are still a relatively new technology and while great improvements are being made in that
field it is still far too expensive to consider using in a product where low cost is
essential to its success like the ISEC. Recent advances include Aerogel blankets, which seem very promising for this application and might be a good
option when the price comes down. Pyrogel, a proprietary aerogel composite, is an excellent insulator as shown by Matthew Paul Alonso at illinois.edu
(Alonso, 2018), but again the price limits its appropriateness in this project.

3.3

Perlite

According to The Engineering ToolBox Perlite has a thermal conductivity of
around 0.08 W/mK (“Perlite Insulation”) for the temperatures that interest
us, and increase with increasing temperatures. A collaborator of ours, Alexis
of Living Energy Farms (Living Energy Farm) , has been creating ISECs using
only perlite for insulation. These units are still relatively new, but show promise.
Because our current model needs ventilation holes to let moisture vent out of
the insulation it requires some sort of vapor permeable structure to contain the
loose perlite. But its efficacy has already been shown, and with some small
additions could provide the structure needed.

7

Figure 4: (“Perlite Insulation”)

3.4

Rockwool

Rockwool is made from molten rock and slag spun into thin fibers in a process
much like cotton candy. It is an insulator very similar to fiberglass in appearance and performance but slightly more rigid. It is hydrophobic and is much
less likely to grow mold or mildew than fiberglass (“COMFORTBATT® —
ROCKWOOL”) and is vapor permeable (Greenspec). Rockwool is also safer,
as the fibers have been proven to break down in the lungs of mice with a halflife
of 10-30 days, (Kudo et al.2005). According to the Washington state department of health “Fiberglass that reaches the lungs may remain in the lungs or
the thoracic region” (“Fiberglass :: Washington State Department of Health,
2013”). So, Rockwool has more utility and is less harmful to humans. There
were two varieties of Rockwool used. Batt insulation, and compressed Rockwool boards. The Batt insulation is soft and more flexible, but the Rockwool boards are more rigid. According to the EngineeringToolBox, a website
that compiles physical properties of various materials, the thermal conductivity of rockwool at around 400K is under 0.06 W/mK (“Mineral Wool Insulation”) as compared to the conductivity of fiberglass under those conditions,
just above 0.05 W/mK (“Fiberglass Insulation”). So the insulation of the two
are very similar, but Rockwool is superior to fiberglass for our use because it
can stand up to more compressive stress, and it is more biologically friendly.
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Figure 5: (“Mineral Wool Insulation”) Rockwool is also sometimes referred to
as mineral wool

Figure 6: (“Fiberglass Insulation”)
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4

Testing

In an effort to increase the stability and longevity of the insulation in the ISEC
I used a combination of Rockwool and Perlite. Several methods were attempted
and it was found in early attempts that any compression put directly onto Batt
insulation would result in it moving and slipping out of place over time as the
ISEC was used and the insulation settled. Therefore, the following method was
developed.

Figure 7: Block diagram of ISEC insulation
The ISECs are built in buckets with ventilation holes to prevent condensation. A circular piece of Rockwool batt insulation is placed at the bottom, then
more Rockwool Batt insulation is used to line the bucket and perlite is added
to fill in the bucket. A ring of Rockwool Board is cut and put into place on top
of it all. At the end the Heating nest for the cook pot should fit snugly in the
ring of Rockwool board and its weight should be held by the perlite.
First (below), in the bucket with ventilation holes is placed a circular cutout
of standard Rockwool batt insulation.
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Figure 8: circular insulation cutout at bottom of ISEC bucket.
Then Rockwool batt insulation is wrapped around the inside of the bucket
leaving an open column that will be filled later (below). Because of the extra
durability and stiffness of Rockwool batt insulation it had to be cut to create
two thinner sheets(half-batts). The half-batts are flexible enough to be bent into
shape and put in the bucket. They then need to be cut to the right height so
that the Rockwool board will fit flush on top and to a length equal to the circumference of the bucket. Batt insulation must be added this way until the empty
column is roughly the same shape as the cook pot that will be placed into it and
it should come up to a height just below the upper edge of the bucket (shown in
Figure
10).

Figure 9: 2 half-batts rolled into a tube shape to put into ISEC bucket
The empty space is then filled with perlite (below). As the perlite is poured in
it must be tamped down lightly to ensure that no settling or shifting will occur
once the cooker is placed on it. The perlite should be added until the height
where your cook pot will sit with its lip just above the upper edge of the bucket.
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Figure 10: Half-batts lining ISEC bucket and perlite filling.
Finally a ring is cut from a rockwool board so that it fits snugly into the
bucket, and the heater nest for the cookpot fits into the ring.

Figure 11: Rockwool board ring placed on top of ISEC from Figure 10, and
heater nest placed inside it
This method has shown to provide plenty of support to hold the cook pot
and limit compression in the vertical and horizontal directions. This was determined in a short test done by placing and removing a full cook pot (4kg of
water) and heater nest many times over the course of a few minutes, as well
as letting it sit on the insulation over the course of a day. When larger forces
are applied the stability of this method does not hold up. As more stress was
applied the Rockwool board flexed slightly, and over the course of 20-40 cycles
of applications and removals of the weight it began to creep out of the ISEC
(shown below).
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Figure 12: ISEC that has been subjected to stress tests and begun showing
signs of destabilizing, specifically the Rockwool board flexes and is no longer
flush with sides of the bucket, after being exposed to large stress tests.
However these were from a force corresponding to around 10kg and were
generated by physically pushing and pulling sharply on the heater nest while in
the ISEC. Inserting and removing the heater nest rarely needs to be performed
by someone using an ISEC and therefore this test goes beyond normal stresses
the insulation would be put under.
A longer-term test to record how this insulation method holds up over time is
currently being conducted at the time of writing this paper. The ISEC requires
insulation from above, which is not addressed herein, as the stability of the
ISEC is determined by the insulation below and around the cookpot, not the
above insulation.
ISEC is an effective solar cooking technique whether used with or without
thermal storage. This study explored the structural support of the insulation,
which will be effective in an ISEC regardless of whether or not it has thermal
storage. It is possible that the use of the more massive metal thermal storage
will require more robust structural support.
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Summary

Insulated Solar Electric Cookers (ISEC) provide an alternative to the combustion of biomass and coal used by low-income families. However, because the
surrounding insulation was soft, the ISEC was unstable, and over time would
lead to the cookpot sinking into fiberglass and contaminating the food. A rigid
insulator that could support the weight of the ISEC cook pot without compromising the value of the insulation provided the solution. Insulating Concrete and
Aerogel both showed promise for creating a rigid insulator capable of holding
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the weight of the cook pot for an ISEC and providing insulation but proved not
to be the right choice for this project. Rockwool and perlite proved to have the
combination of factors needed. Rockwool has been shown to be a safer alternative to the fiberglass insulation used previously, and offers more rigidity. Perlite
can bear the weight of the ISEC cookpot and can provide excellent insulation.
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Recommendations

During this project I learned about the procedure for producing aircrete, but
only attempted a less refined version of it, mostly due to a lack of a proper
workspace. If it were ever decided to attempt aircrete again, more research
should be done into the foam injector and foam recipe briefly mentioned in the
Concrete section of the Research.
The final design outlined in the Testing section ends with a piece of compressed rockwool being placed on top of the insulation. While rockwool is safer
than fiberglass, and fiberglass like materials have been shown to pass through the
digestive tract without causing major harm (“Fiberglass :: Washington State
Department of Health, 2013”), it is still not ideal to have exposed insulation
near food. A method of laminating the rockwool, to seal in the fibers, may be
necessary for health reasons. This would have the added benefit of increasing
the durability of the rockwool top. J-B weld has proven to be difficult to apply
to rockwool as a lamination. It pulls on the fibers and ruins the smooth finish
of rockwool boards unless applied gently and generously. A spray on lamination
may prove more successful than a spread on epoxy like J-B weld
Finally, just as other facets of this project are counting on the price of
photovoltaics to continue dropping, the history of dropping prices and increasing versatility of aerogel composites looks promising for applications like this.
Aerogels should continue to be watched and reconsidered if the prices drop to
an acceptable level (Kanellos, 2011).
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